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1. INTRODUCTION 

A number of l i g h t  s c a t t e r i n g  methods have been used t o  
i n v e s t i g a t e  t h e  molecular and p a r t i c u l a t e  content  o f  t h e  
atmosphere. They inc lude  t h e  s e a r c h l i g h t  probe s t u d i e s  of 
Elterman (1954) and Fr iedland,  Katzenstein,  and ~ a t z i c k  
(1956), t h e  t w i l i g h t  s c a t t e r i n g  s t u d i e s  of Volz and Goody 
(1962) and t h e  au reo le  photometry of Newkirk and Eddy (196.4).., 
With t h e  advent of t h e  h igh  powered ruby l a s e r ,  o p t i c a l  
r ada r  s t u d i e s  of  t h e  atmosphere have been made by F iocco  and 
Smullin (1963), Fiocco and Grams (1964), Clemensha, e t  a1 
(1965), Bain and Sandford (1966), and C o l l i s  and ~ i g d a  
(1964). C o l l i s  (1964) us ing  a ground-based l a s e r  r a d a r  
system observed "ghost" r e t u r n s  from apparent ly  c l e a r  a i r  
and suggested t h a t  they were caused by s t r a t i f i e d  a e r o s o l  
l a y e r s .  It w a s  a l s o  suggested t h a t  t h e s e  r e t u r n s  c o u l d  be  
used t o  map e f f e c t s  of a i r  motion and poss ib ly  p r o v i d e  a n  
i n d i c a t i o n  of c l e a r  a i r  turbulence  (CAT). Franken et a 1  
(1965) used a n  a i rbo rne  system t o  i n v e s t i g a t e  t h e  c o r r e l a -  
t i o n  between l a s e r  r e t u r n s  and c l e a r  a i r  t u rbu lence  w i t h  
inconclus ive  r e s u l t s .  

I n  t h i s  paper we desc r ibe  t h e  r e s u l t s  of a s e r i e s  of 
experiments i n  which a T-33 type  jet a i r c r a f t  was u s e d  t o  
conduct a genera l  search  f o r  turbulence i n  t h e  v i c i n i t y  of 
a ground-based l a s e r  r ada r  system. I n  a l l  a l t i t u d e  regions  
i n  which t h e  a i r c r a f t  encountered turbulence i n  c l e a r  a i r  
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an  enhancement i n  b a c k s c a t t e r e d  l a s e r  r a d i a t i o n  a s s o c i a t e d  
w i t h  a n  a e r o s o l  d e n s i t y  g r a d i e n t  was observed .  These pre-  
l i m i n a r y  r e s u l t s  i n d i c a t e  t h a t  l a s e r  r a d a r  may b e  a  prom- 
i s i n g  t echn ique  f o r  t h e  s t u d y  of a tmospheric  t u r b u l e n c e .  

2.  SCATTERING OF LASER RADIATION I N  THE ATMOSPHERE 

I n  o r d e r  t o  e s t a b l i s h  a  b a s i s  f o r  t h e  i n t e r p r e t a t i o n  
of l a s e r  r e t u r n s  from t h e  a tmosphere ,  we s h a l l  b r i e f l y  
p r e s e n t  i n  t h i s  s e c t i o n  a  summary of Mie (1908) t h e o r y  
c a l c u l a t i o n s  a t  t h e  ruby l a s e r  wavelength f o r  s c a t t e r i n g  
by a  c l e a r  atmosphere and compare t h e  r e s u l t s  o b t a i n e d  w i t h  
exper imenta l  measurements. 

The r a d i a t i o n  b a c k s c a t t e r e d  by a  volume element of t h e  
atmosphere l o c a t e d  a t  an  a l t i t u d e  z  from t h e  l a s e r ,  ex- 
p r e s s e d  a s  t h e  power i n c i d e n t  on a  c o a x i a l  r e c e i v e r ,  is  
g iven  by 

where E i s  t h e  t r a n s m i t t e d  energy ,  AR is  t h e  a r e a  of t h e  
r e c e i v e r ,  q ( z )  i s  t h e  t r a n s m i s s i v i t y  of t h e  atmosphere,  
u ( z )  is t h e  b a c k s c a t t e r i n g  volume c r o s s  s e c t i o n  of a  
volume element  l o c a t e d  a t  z ,  and c  i s  t h e  v e l o c i t y  of 
l i g h t .  I n  e q u a t i o n  (1) t h e  s c a t t e r i n g  volume is assumed t o  
be a  p o i n t  source  which r e q u i r e s  t h e  bearr, d ivergence  and 
p u l s e  w i d t h  of t h e  l a s e r  t o  b e  s m a l l .  

The volume c r o s s  s e c t i o n  and t r a n s m i s s i v i t y  w i l l  b e  
i n t e r p r e t e d  accord ing  t o  a  s c a t t e r i n g  model which assumes 
t h e  a tmosphere  t o  b e  a  mix ture  of molecu les ,  d e s c r i b e d  by 
Rayle igh  (1871) t h e o r y ,  and a e r o s o l s ,  d e s c r i b e d  by r i g o r o u s  
M i e  t h e o r y .  

I f  a tmospher ic  a b s o r p t i o n  is  n e g l e c t e d  t h e  t r a n s m i s s i v -  
i t y  i s  g i v e n  by 

where f3(z1) is  t h e  sum of t h e  molecu la r  and a e r o s o l  s c a t -  
t e r i n g  c o e f f i c i e n t s .  



LASER BACKSCATTER CORRELATION W I T H  TURBULENT REGIONS 483 

2 . 1  Rayleigh S c a t t e r i n g  

The Rayleigh volume c ros s  s ec t ion  f o r  backsca t t e r  from 
the  molecular component is  

where 

k = wave number of i nc iden t  r a d i a t i o n ,  2 r / X  
a = p o l a r i z a b i l i t y  

N(z) = number dens i ty  
and 

where A i s  t he  depo la r i za t ion  f a c t o r .  The p o l a r i z a  QtlitY of atmospheric a i r  f o r  o p t i c a l  r a d i a t i o n  is  1 .73  x 10  cm , 
and G .  de Vaucouleurs (1951) found f t o  be 1.054. Equation 
(3) f o r  i nc iden t  ruby l a s e r  r a d i a t i o n  then becomes 

where N (z)  is t h e  number of molecules per  cubic  cen t ime te r .  
The sca tve r ing  c o e f f i c i e n t  f o r  t h e  molecular component i s  

2 r 2 
$(z) = J J + ( I  + cos @)0 (2) s i n  e dB dm 

M ( 5 )  
0 0 

I n t e g r a t i o n  g ives  
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2 .2  Large P a r t i c l e  S c a t t e r i n g  

The t rea tment  of a e r o s o l  s c a t t e r i n g  given h e r e  is 
s i m i l a r  t o  a  more gene ra l  t reatment  given by B u l l r i c h  
(1964). Assuming t h a t  t he  p a r t i c u l a t e  mat te r  p r e s e n t  i n  t he  
atmosphere may b e  considered a  po lydisperse  c o l l e c t i o n  of 
homogeneous spheres  of average index  q ,  t he  volume c r o s s  
s e c t i o n  i s  given by 

where i ( a ,  0) a r e  t h e  Mie i n t e n s i t y  func t i ons  f o r  
l i g h t  w i h  e l e c t r i c  v e c t o r  perpendicu la r  and p a r a l l e l ,  
r e s p e c t i v e l y ,  t o  t h e  p l ane  through t h e  d i r e c t i o n  of propaga- 
t i o n  of t h e  i n c i d e n t  and s c a t t e r e d  r a d i a t i o n ,  r i s  t h e  
r ad iu s  of t h e  s c a t t e r e r ,  a = 2nr lh  is  t h e  pa r t i c l - e  s i z e  
parameter ,  dn ( r , z )  i s  t h e  number dens i t y  of p a r t i c l e s  
wi th  r ad iu s  between r and r + d r  a t  a l t i t u d e  z ,  and 8 
i s  t he  s c a t t e r i n g  angle  measured between t h e  d i r e c t i o n  of 
t h e  i n c i d e n t  and s c a t t e r e d  r a d i a t i o n .  For atmospheric  aero- 
s o l  d i s t r i b u t i o n s  which obey t h e  Junge s i z e  d i s t r i b u t i o n  
law. i t  may be shown t h a t  

I n  equa t i on  (8), u i s  t he  s i z e  d i s t r i b u t i o n  parameter ,  
N (z )  is  t h e  t o t a l  a e r o s o l  number d e n s i t y  and a = 2nr/X is 
tke  p a r t i c l e  s i z e  parameter .  

S i m i l a r l y ,  i t  may be  shown t h a t  t he  a e r o s o l  s c a t t e r -  
i n g  c o e f f i c i e n t  i s  given by 
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where am(a ,n )  and bm(a,n) a r e  the Mie c o e f f i c i e n t s  
( c f .  van de  Huls t  (1957)) .  

A computer program has been w r i t t e n  t o  eva lua t e  t he  
i n t e g r a l  express ions  i n  equations (8) and (9) f o r  a r b i t r a r y  
choice of ae roso l  parameters. The recurs ion  r e l a t i o n s h i p s  
of Deirmendjian (1962) were used f o r  ca l cu la t ion  of t h e  Mie 
c o e f f i c i e n t s  which were terminated when t h e  r e a l  and 
imaginary p a r t s  of a  and bm were a l l  l e s s  than m 

For computational purposes, an average index of 
r e f r a c t i o n  n = 1.5 has  been assumed. This  va lue  i s  con- 
s i s t e n t  wi th  t h e  composition of aerosol  p a r t i c l e s  c o l l e c t e d  
by Junge e t  a1 (1961) and is  i n  agreement wi th  t h e  conclu- 
s ions  reached by Bu l l r i ch  (1964) i n  h i s  review of composition 
da ta .  

Junge (1963) sugges ts  a  value u = 3 f o r  l a r g e  a e r o s o l  
concent ra t ions  near  t he  ground which is  a l s o  c o n s i s t e n t  
wi th  t h e  o p t i c a l  measurements of Bu l l r i ch  (1964) and Volz 
(1956). Evaluat ion of equations (8) and (9) a l s o  r equ i r e s  
a  choice of  p a r t i c l e  r a d i i  limits. We have adopted a  par- 
t i c l e  s i z e  range of 0 . 1 ~  5 r 2 2 0 ~  i n  order  t o  de r ive  an 
ae roso l  volume cross  s e c t i o n  and s c a t t e r i n g  c o e f f i c i e n t  
cons i s t en t  with d i r e c t  sampling measurements. 

For q  = 1.5 ,  0 = 180°, u = 3.0,  A = 6943 1, 
r = 0.  l p ,  r = 20p, equations (8) and (9) g ive  f o r  t h e  
1 2 

volume cross  s e c t i o n  and s c a t t e r i n g  c o e f f i c i e n t  

( z )  = 0.577 x ~ o - ~ N  (z) km-I s t e r a d  
-1 

A 

and 
- 4 

BA(z) = 1.54 x 10 NA(z) km-I 

A comparison of t he  v e r t i c a l  p r o f i l e  ca l cu la t ed  on t h e  b a s r s  
of t h i s  s c a t t e r i n g  model and one measured by a  ruby l a s e r  
radar  system i s  given i n  Figure 1. I n  Figure 1 t h e  d o t t e d  
l i n e  is t h e  v e r t i c a l  p r o f i l e  f o r  t h e  molecular component 
ca l cu la t ed  from equat ions  (4) and (6) us ing  t h e  number 
dens i ty  p r o f i l e  of t h e  U.S. Standard Atmosphere 1962. 
Shown as  a s o l i d  l i n e  is  the  t o t a l  ca l cu la t ed  v e r t i c a l  
p r o f i l e .  The ae roso l  component of t h i s  curve was computed 
from equat ions  (10) and (11) f o r  Rosen's (1966) measured 
ae roso l  number dens i ty  p r o f i l e .  Shown a l s o  i n  F igure  1 a r e  
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Figure 1. Backscat ter  volume cross  s e c t i o n  (a) a s  a 
funct ion  of a l t i t u d e  f o r  March 18, 1967. 

s ec t ions  of  four l a s e r  soundings which have been normalized 
t o  t h e  molecular s c a t t e r i n g  model a t  9 km. The model 
c a l c u l a t i o n  genera l ly  agrees very w e l l  wi th  the  experimen- 
t a l  da t a  and, i n  consequence, provides a  b a s i s  f o r  i n t e r -  
p r e t i n g  l a s e r  backsca t t e r  measurements i n  terms of the  
s p a t i a l  dens i ty  of molecules and aerosols .  

We would a l s o  l i k e  t o  no te  t h a t  although t h e  genera l  
agreement between t h e  experimental da t a  and t h e  model ca l -  
cu l a t ion  i s  good, s i g n i f i c a n t  devia t ions  over r e l a t i v e l y  
small  a l t i t u d e  regions do occur i n  t he  c l e a r  atmosphere. 
For example, i n  Figure 1 s i g n i f i c a n t  devia t ions  from t h e  
normal c l e a r  a i r  p r o f i l e  a r e  ev ident  from 7-9 km and a l so  
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i n  t h e  v i c i n i t y  of 21 km. 

On t h e  b a s i s  of t h e  s c a t t e r i n g  model d iscussed  i n  t h e  
preceding paragraphs,  we be l i eve  t h a t  such dev ia t ions  from 
t h e  c l e a r  a i r  p r o f i l e  of t h e  magnitude observed must be 
produced by l o c a l  ae roso l  concentrat ions poss ib ly  coupled 
wi th  v a r i a t i o n s  i n  t h e  s i z e  d i s t r i b u t i o n  o r  index of 
r e f r a c t i o n .  In  a s e c t i o n  t o  fol low w e  descr ibe  t h e  corre-  
l a t i o n  e s t a b l i s h e d  between regions of enhanced l a s e r  back- 
s c a t  ter a s  discussed above and atmospheric turbulence .  

3. DESCRIPTION OF LASER RADAR EQUIPMENT 

3 .1  General 

A schematic  diagram of t he  l a s e r  r ada r  equipment used 
t o  make t h e  measurements described i n  t h i s  paper i s  given 
i n  Figure 2. The system cons i s t s  of a  ruby l a s e r  and 1.52 

Monitor A 

Chan. B I 
Figure 2. A b lock  diagram of the  experimental  arrangement. 
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meter  p a r a b o l i c  s e a r c h l i g h t  m i r r o r  p o s i t i o n e d  i n  a  s t e e r a b l e  
mount w i t h  t h e i r  axes  a l i n e d  p a r a l l e l .  The l a s e r  p u l s e  i s  
monitored w i t h  a  s e t  of beam s p l i t t e r s  whose axes  a r e  
s e p a r a t e d  by 90°  a l l o w i n g  a p o r t i o n  of t h e  beam t o  f a l l  on 
a  d i f f u s e  w h i t e  s c r e e n  which l i e s  i n  t h e  f i e l d  of view of a  
photodiode.  The beam s p l i t t e r s '  o r i e n t a t i o n  p r o v i d e s  
p o l a r i z a t i o n  i n s e n s i t i v i t y .  The o u t p u t  of t h e  pho tod iode  
i s  d i s p l a y e d  on an o s c i l l o s c o p e  and prov ides  a  measure of 
t h e  l a s e r  p u l s e  wid th .  The charge  through t h e  pho tod iode  
g i v e s  a  number p r o p o r t i o n a l  t o  t h e  t o t a l  number of e m i t t e d  
photons and t h e  t o t a l  l i g h t  energy .  Th is  charge  i s  s t o r e d  
i n  a  c a p a c i t o r  and t h e  r e s u l t i n g  v o l t a g e  is measured by an  
e l e c t r o m e t e r  g i v i n g  an energy measurement t o  w i t h i n  + lo%.  
A f t e r  p a s s i n g  through t h e  energy monitor  t h e  l a s e r  p u l s e  
p a s s e s  through a  r o t a t i n g  s h u t t e r  which p r e v e n t s  f l u o r e s c e n c e  
r a d i a t i o n  from l e a v i n g  t h e  l a s e r  system.  The r o t a t i n g  
s h u t t e r  i s  a  ba lanced  aluminum d i s k  which i s  r o t a t e d  by a  
400 c y c l e  h y s t e r e s i s  synchronous motor a t  13,500 rpm. A  
magnet ic  pickup d e v i c e  i s  p o s i t i o n e d  n e a r  t h e  d i s k  and pro- 
v i d e s  a  p u l s e  t o  t r i g g e r  t h e  l a s e r .  This  p u l s e  is de layed  
s o  t h a t  t h e  s h u t t e r  opening i s  a l i n e d  w i t h  t h e  l a s e r  e x i t  
p o r t  a t  t h e  t i m e  when t h e  l a s e r  Q-switches. 

Before  t h e  l a s e r  is  f i r e d  t h e  focus e l e c t r o d e  of t h e  
p h o t o m u l t i p l i e r  d e t e c t o r  i s  b i a s e d  30 v n e g a t i v e  w i t h  r e s p e c t  
t o  t h e  ca thode ,  the reby  defocus ing  t h e  tube .  A  monostable  
m u l t i v i b r a t o r  is  t r i g g e r e d  by a  d e l a y e d  p u l s e  d e r i v e d  
synchronous w i t h  t h e  emiss ion  of t h e  g i a n t  l a s e r  p u l s e .  The 
monostable m u l t i v i b r a t o r  produces a  p o s i t i v e  g a t e  w i t h  a  
r ise t ime of about  1 vsec and a  v a r i a b l e  wid th  and h e i g h t .  
T h i s  g a t e  is  a p p l i e d  t o  t h e  f o c u s i n g  e l e c t r o d e ,  the reby  
f o c u s i n g  t h e  d e t e c t o r  f o r  a  l e n g t h  of t ime determined by 
t h e  g a t e  w i d t h .  The anode of t h e  p h o t o m u l t i p l i e r  i s  d i r e c t  
coupled t o  a  v a r i a b l e  g a i n  o p e r a t i o n a l  a m p l i f i e r  used t o  
l i m i t  t h e  f requency  passband of t h e  system.  

3.2 P.eceiver Sys t e m  

The r e c e i v e r  sys tem c o n s i s t s  of a  1 , 5 2  mete r  sea rch-  
l i g h t  m i r r o r  ( f o c a l  l e n g t h  = 25.54 i n c h e s )  i n  a  s t e e r a b l e  
mount. The p h o t o m u l t i p l i e r  d e t e c t o r  is p o s i t i o n e d  beh ind  
t h e  f o c a l  p l a n e  on a  p r e c i s i o n  mount w i t h  f i v e  degrees  o f  
freedom. An i r is  is used t o  l i m i t  t h e  f i e l d  of view of t h e  
m i r r o r  t o  a  c a l c u l a t e d  v a l u e  of about  10 m i l l i r a d i a n s .  I n  
o r d e r  t o  l i m i t  t h e  night-sky background, a  Wrat ten No. 70 
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f i l t e r  i s  p o s i t i o n e d  i n  f r o n t  of t h e  p h o t o m u l t i p l i e r .  This  
f i l r e r  h a s  a s h a r p  c u t o f f  a t  6500 A and ,  when used i n  con- 
j u n c t i o n  w i t h  a p h o t o m u l t i p l i e r  hav ing  an S-20 photocathode 
s p e c t r a l  r esponse ,  g i v e s  a bandpass  of about  700 A .  

3 .3  Laser  System 

The l a s e r  system c o n t a i n s  a 7 x %" Brewster a n g l e  ruby 
rod  which i s  Q-switched by u r a n y l  g l a s s .  The sys tem h a s  a 
maximum energy ou tpu t  of approximately  2 j o u l e s  w i t h  a p u l s e  
wid th  of 30 n s e c .  The f u l l  w i d t h  beam d ivergence  is  
approximately  6 mrad and i n  view of t h e  r e l a t i v e l y  l a r g e  
f i e l d  of view of t h e  r e c e i v e r  f u r t h e r  c o l l i m a t i o n  of t h e  
beam i s  n o t  n e c e s s a r y .  The e n t i r e  l a s e r  system i s  e n c l o s e d  
i n  a l i g h t - t i g h t  c o n t a i n e r  and is  tempera ture  c o n t r o l l e d  t o  
p reven t  de tun ing  i n t o  a w a t e r  vapor a b s o r p t i o n  band. 

3 .4  Sys tem Performance 

I n  view of t h e  wide s p e c t r a l  bandwidth of t h e  sys tem,  
i t  can n o t  of c o u r s e  b e  used t o  make measurements d u r i n g  
t h e  d a y l i g h t  h o u r s .  A t  n i g h t ,  however, t h e  sky background 
r a d i a n c e  is  down from i t s  d a y l i g h t  v a l u e  by approximately  
s i x  o r d e r s  of magnitude and i t s  c o n t r i b u t i o n  t o  t h e  sys tem 
n o i s e  is  n e g l i g i b l e  f o r  a l t i t u d e s  below approximately  30 km. 
As  an  i n d i c a t i o n  of t h e  performance of t h e  system d u r i n g  
n i g h t t i m e  o p e r a t i o n  we have l i s t e d  i n  Table 1 v a l u e s  of t h e  
s i g n a l  t o  n o i s e  r a t i o  f o r  s e v e r a l  a l t i t u d e  r e g i o n s :  

TABLE 1. SYSTEM DETECTION CAPABILITY 

A l t i t u d e  (km) 

5 

10 

15 

2 0 

26 

S i g n a l  t o  n o i s e  
r a t i o  

200 

7 6 

37 

2 0 

10 

' 
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4 .  EXPERIMENTAL RESULTS AND DISCUSSION 

I n  a s e r i e s  of experiments performed over Williams- 
burg and Wallops I s l and ,  Virg in ia ,  a T-33 type j e t  a i r -  
c r a f t  equipped wi th  a recording accelerometer was used t o  
conduct a general  search f o r  turbulence i n  the  v i c i n i t y  of 
t h e  l a s e r  radar  system. During t h e  coordinated experiment 
t he  a i r c r a f t  flew i n  an e l l i p t i c a l  path downwind of the  
f i e l d  s t a t i o n  a s  shown schemat ica l ly  i n  Figure 3 .  

As t he  a i r c r a f t  ascended, a number of l a s e r  r a d a r  
soundings of t h e  atmosphere were made wi th  the  ga in  and 
range ga t e  of t he  system set t o  observe an a l t i t u d e  region 
corresponding t o  t h e  pos i t i on  of t h e  a i r c r a f t .  Af ter  t h e  
a i r c r a f t  a t t a i n e d  i t s  maximum a l t i t u d e  i n  t h e  v i c i n i t y  of 
12.2 km, t h e  p i l o t  was asked t o  descend and probe a l t i t u d e  
regions where the  l a s e r  r ada r  sounding showed an enhance- 
ment o r  a sharp d i scon t inu i ty .  On t h e  b a s i s  of the p i l o t  
r e p o r t ,  v e r i f i e d  by the  recording  accelerometer, t h e  a l t i -  
tude regions  of t h e  atmosphere which were turbulent  a t  t h e  
time of a l a s e r  sounding were e s t ab l i shed .  In  a d d i t i o n  i n  
a l l  a l t i t u d e  regions which showed enhancement backs tattering 

Figure 3 .  The geometry of the  CAT experiment. 
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t h e  p i l o t  was asked t o  look  f o r  haze and i n  t h r e e  of t h e  
experiments ,  h e  was a s s i s t e d  by a  s e a r c h l i g h t .  

I n  a l l  a l t i t u d e  r eg ions  i n  which t he  a i r c r a f t  encounter- 
ed tu rbulence  i n  c l e a r  a i r  an enhancement o r  sha rp  d i s con t in -  
u i t y  i n  t h e  l a s e r  backsca t t e r i ng  p r o f i l e  a s s o c i a t e d  w i th  an  
a e r o s o l  d e n s i t y  g r a d i e n t  was observed. F igure  4  shows t h r e e  
t y p i c a l  o s c i l l o s c o p e  record ings  of t h e  l a s e r  r e t u r n  from 
a l t i t u d e  r eg ions  i n  which t h e  a i r c r a f t  encountered l i g h t  
tu rbulence .  An enhancement i s  ev ident  i n  F igure  4 (a )  from 
3.3 t o  4 .1  km; t h e  p i l o t  r epo r t ed  l i g h t  t u rbu l ence  ( 0 . 1  t o  
0 .2  g)  i n  c l e a r  a i r  from 3.7 t o  4 . 1  km. I n  F igure  4(b)  a n  
enhancement extending from 2.4 t o  3 .1  km is  e v i d e n t ;  t h e  
p i l o t  r epo r t ed  l i g h t  tu rbulence  ( 0 . 1  t o  0.2 g )  i n  c l e a r  a i r  
i n  t h r e e  l aye red  r eg ions  extending from 2.5 t o  2 . 8  km. 
Radiosonde measurements made 75 mi l e s  away from t h e  s i t e  of 
t h e  experiment on t h i s  evening i nd i ca t ed  t h a t  a  subs idence  

ALTITUDE (KILOMETERS) 

Figure  4a ,  4b. Osc i l loscope  record ing  of r e t u r n  power a s  a  
func t i on  of a l t i t u d e  f o r  March 9 and August 
7 ,  1967, r e s p e c t i v e l y .  
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ALTITUDE (KILOMETER) 

Figure  4c. Osc i l loscope  r eco rd ing  of r e t u r n  power a s  a  
func t i on  of a l t i t u d e  f o r  A p r i l  11, 1968. 

MARCH 9.1967 JUNE 5,1967 

DESCENT ASCENT DESCENT 1 

Figure 5a .  Prominent l a s e r  r a d a r  s c a t t e r i n g  f e a t u r e s  and 
a i r c r a f t  acce le rometer  record ings  ve r sus  
a l t i t u d e  f o r  March 9  and June 5 ,  1967. 
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i n v e r s i o n  e x i s t e d  a t  an a l t i t u d e  of 3 . 1  ltm; l i g h t  t u r b u l e n c e  
was p r e s e n t  benea th  t h i s  i n v e r s i o n .  I n  F igure  4 ( c )  an 
enhancement is e v i d e n t  a t  5 . 3  Icm; t h e  p i l o t  r e p o r t e d  l i g h t  
t u r b u l e n c e  i n  a  t h i n  s t r a t i f i e d  r e g i o n  a t  5,3 k m .  This  
s c a t t e r i n g  f e a t u r e  d i d  n o t  c o r r e l a t e  w i t h  any of t h e  physi-  
c a l  pa ramete rs  measured by a  b a l l o o n  sounding made a t  
approximateky t h e  same time and was n o t  p r e s e n t  d u r i n g  t h e  
a s c e n t  of t h e  a i r c r a f t  . 

F i g u r e  5 p r e s e n t s  a  summary of t h e  r e s u l t s  o b t a i n e d  
d u r i n g  f o u r  n i g h t s  of o b s e r v a t i o n  and a r e  t y p i c a l  of t h e  
r e s u l t s  o b t a i n e d  d u r i n g  t h e  ocher  t h r e e  n i g h t s  of observa- 
t i o n .  The r e s u l t s  p r e s e n t e d  i n  F i g u r e  5 ( c )  f o r  t h e  n i g h t  
of March 1 4 ,  1968, r e q u i r e  f u r t h e r  e x p l a n a t i o n .  On t h i s  
p a r t i c u l a r  even ing  an  enhancement i n  t h e  b a c k s c a t t e r e d  
r a d i a t i o n  was e v i d e n t  i n  t h e  v i c i n i t y  of 3 . 4  km which was 
n o t  t u r b u l e n t  ; rad iosonde  measurements i n d i c a t e d  t h a t  t h i s  
f e a t u r e  was a  r e l a t i v e l y  t h i n  m o i s t u r e  l a y e r ,  and clouds 
were r e p o r t e d  a t  t h a t  a l t i t u d e  approximately  4 h o u r s  l a t e r .  
I n  a d d i t i o n ,  d u r i n g  t h e  a s c e n t  of t h e  a i r c r a f t ,  v e r y  l i g h t  
t u r b u l e n c e  was r e p o r t e d  a t  approximately  6 .5  km. The l a s e r  

JULY 5.1967 

ASCEI1T DESCENT 

PRQMiNEIlT PROUINENT 
SCATTERING TURBULENCE S C A T T E R I N G  TURBULCNCE 

FEATURES REPORT F E A T U R E S  R E P O R T  

0 ,  0 2  01 0 4  

VERTICAL A C C E L E R A T I O N  (g)+ 

F i g u r e  5b. Prominent l a s e r  r a d a r  s c a t t e r i n g  f e a t u r e s  and 
a i r c r a f t  acce le romete r  r e c o r d i n g  v e r s u s  a l t i -  
tude  f o r  Ju ly  5 ,  1967. The d o t t e d  l i n e s  repre-  
s e n t  r e g i o n s  i n  which a c c e l e r a t i o n s  o f  0 . 4  g  
were o c c a s i o n a l l y  recorded .  
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Figure 5c. Prominent l a s e r  radar  s c a t t e r i n g  f e a t u r e s  and 
a i r c r a f t  accelerometer  recordings versus 
a l t i t u d e  f o r  March 14 ,  1968. 

r ada r  sounding of t h i s  a l t i t u d e  region was delayed 
approximately 10 minutes by equipment adjustments , and a t  
t h e  time the  sounding was made a very weak s c a t t e r i n g  
f e a t u r e  was present  a t  about 5.3 km. This a l t i t u d e  region  
was c a r e f u l l y  probed approximately 45 minutes l a t e r  during 
the  descent  of t h e  a i r c r a f t  and was no t  t u rbu len t ,  nor  d i d  
i t  e x h i b i t  any unusual s c a t t e r i n g  f e a t u r e s .  The s c a t t e r i n g  
f e a t u r e  ev ident  i n  F igure  5 (c) w i th  i t s  base  a t  11.5 km 
corresponds t o  t he  tropopause f o r  t h i s  p a r t i c u l a r  evening;  
t he  a i r c r a f t  repor ted  l i g h t  turbulence i n  two layered  
regions from the  base  of t h i s  s c a t t e r i n g  f e a t u r e  t o  t he  
a l t i t u d e  l i m i t  of the  a i r c r a f t .  

To summarize t h e  r e s u l t s  obtained t o  d a t e ,  a  t o t a l  of 
33 cases  of c o r r e l a t i o n  of turbulence a s  experienced by 
the  a i r c r a f t  and prominent s c a t t e r i n g  f e a t u r e s  a s  measured 
by a l a s e r  r ada r  system have been found. I n  add i t i on ,  i n  
a l l  a l t i t u d e  regions i n  which t h e  a i r c r a f t  encountered 
turbulence,  wi th  t h e  poss ib l e  exception of t h e  case  d is -  
cussed i n  the  preceding paragraph, an enhancement i n  back- 
s c a t t e r e d  r a d i a t i o n  associa ted  wi th  an ae roso l  dens i ty  
g rad ien t  was observed. 
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I n  view of t h e  promising p r e l i m i n a r y  r e s u l t s  o b t a i n e d  
i n  t h i s  s e r i e s  of exper iments ,  a f u t u r e  program i s  planned 
t o  ex tend  l a s e r  b a c k s c a t t e r  o b s e r v a t i o n s  of a tmospher ic  
t u r b u l e n c e  t o  h i g h e r  a l t i t u d e s  and t o  make o b s e r v a t i o n s  o f  
mountain-wave t u r b u l e n c e .  I n  c o n j u n c t i o n  w i t h  t h e s e  obser-  
v a t i o n s ,  comprehensive m e t e o r o l o g i c a l  measurements w i l l  b e  
made i n  o r d e r  t o  e v a l u a t e  t h e  p h y s i c a l  pa ramete rs  which may 
b e  of s i g n i f i c a n c e  i n  t h e  d e t e r m i n a t i o n  of t h e  l a s e r  r a d a r  
c r o s s  s e c t i o n  a s s o c i a t e d  w i t h  r e g i o n s  of a tmospher ic  t u r -  
bu lence .  
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DISCUSSION 

Douglas K .  L i l l y :  I t h i n k  t h e  l i g h t  t u r b u l e n c e  i n  t h e  
r e f l e c t i v e  r e g i o n  is  probab ly  produced by convec t ion  a s s o -  
c i a t e d  w i t h  r a d i a t i v e  c o o l i n g  a t  t h e  t o p  of t h e  l a y e r s .  

Samuel Harvey M e l f i :  Thank you f o r  your  comment concern ing  
t h e  mechanism of t h e  l i g h t  t u r b u l e n c e  t h e  a i r c r a f t  exper- 
i e n c e d .  We do n o t  f u l l y  unders tand  t h e  mechanism t h a t  would 
produce t h i s  c o r r e l a t i o n ,  b u t  we w i l l  b e  s t u d y i n g  t h i s  a s p e c t  
i n  t h e  f u t u r e .  




